Abstract. An asthenosphere layer which is entirely fed from below by plumes and which loses equal mass by accretion to the overlying oceanic lithosphere and at subduction zones may play a critical role in shaping the form of mantle convection. In this study we discuss geochemical, seismic, and geoid/depth evidence for lateral flow within this type of asthenosphere. In particular, we suggest that there are large-scale layered, horizontal flow structures that connect upward plume input beneath hotspots to near-ridge regions of increased asthenosphere accretion into the growing oceanic lithosphere. Lateral asthenosphere flow is also shaped by oceanic subducfion zones, with a partial return flow from trenches, and by deep continental roots that are migrating barriers to asthenosphere flow. This alternative paradigm offers relatively simple explanations for several puzzles about mantle convection, for example, the low mantle heat flow beneath continents. It also offers an explanation for why mid-ocean ridges appear to be passive features that migrate with little geochemical or morphological change with respect to the lower mantle and seem to be uncoupled from large-scale mantle flow, while in contrast, trenches appear to be strongly coupled to mantle-thick regions of fast (colder) seismic velocity anomalies.
In this case plate and mantle flow will only be coupled at oceanic subduction zones where the lithosphere penetrates beneath the asthenosphere layer, and perhaps beneath thick continental cratons where no asthenosphere layer is present. We propose that the weak asthenosphere layer is preferentially fed by upwelling plumes from the lower mantle. This leads to concentrated pipes of flow l¾om plumes to the neighboring ridge axis, shown by the dotted arrows. Elsewhere, asthenosphere flows to replace material which is accreted to the overriding lithosphere. The circuit of mantle transport is completed by lithosphere subduction to the deeper mantle. See text for further discussion. (c) The influence of the plume upwelling and asthenosphere decoupling of lithosphere motions from deeper mantle flow could be even more profound. The cartoon shown here shows a scenario where the net mantle motion is downward except in areas of plume upwelling. The mantle temperature is controlled by the "ice cube" effect of subducted slabs, radiogenic mantle heating, and heat input l¾om the core across the core-mantle boundary (CMB). Even though the mantle is the source for most of the heat lost at the Earth's surface, plume flow could act to "short-circuit" the convection process so that most mantle heat is transported first down to the CMB and then up plume pipes to feed the asthenospher½. This scenario is meant to provoke. Its feasibility will be readily testable once we can incorporate plumes and the rheological structures of lithosphere, asthenospherc, and D" boundary layers into a three-dimensional convection code. exampie, mantle peridotitc in the garnet lherzolite stability field has a pressure dependence to its solidus temperature of 2 ø-3oC/km [Hess, 1992] and a latent heat of fusion that, in terms of the temperature "reduction" from melting, is ~500ø-600øCxff [Hess, 1992] mantle viscosity structure which incorporates the plume-fed asthenosphere layer which we propose exists. This cartoon does not include lateral viscosity variations due to lithosphere thickening away from mid-ocean ridges. Because the asthenosphere is fed from a thermal boundary layer at the core-mantle boundary (CMB), it is hotter than overlying oceanic lithosphere (which forms by conductive cooling of the asthenosphere away from mid-ocean ridges), and also hotter than underlying mesosphere which is cooled by the reincorporation of subducted slabs into mantle circulation as sketched in Figures lb and 1 The original plume theory [Morgan, 1971; 1972] suggested that the asthenosphere may be preferentially fed by hot material which lies on a direct adiabat from a core-mantle thermal boundary layer (Figure 2 ), leading to a hotter and lighter layer which stably overlies colder deeper mantle. This idea, that -25-40 plumes are the sites where deep upwelling is strongly concentrated [Morgan, 1971] , has been largely neglected in mantle dynamics because it appears to be contradicted by heat flow observations. A simple heat flow argument suggests that plumes cannot be the source of much upwelling mantle because hotspots directly account for only 5-10% [Davies, 1988 , Sleep, 1990 ] of the surface heat flow, much less than the ~80% of the Earth's interior heat which is lost through lithosphere accretion away from midocean ridges. This argument may be wrong. It would be correct only if hotspots (the volcanic surface expression of an underlying plume) and ridges were fed by different sources of mantle upwelling. If, instead, upwelling mantle from plumes flows laterally in the asthenosphere to feed mid-ocean ridges, then plumes could be the source of all upwelling and upward mantle heat transport, heat which is lost to a small degree at hotspots and to a much larger degree by lithosphere accretion (and plate subduction and the thermal reincorporation of subducted lithosphere). 
Previous

Proposed Asthenosphere Structure and Role
Here we explore a variant of these earlier proposals: in our model the oceanic asthenosphere layer is entirely fed by plumes from the deeper mantle and consumed entirely by cooling and underplating onto the overlying lithosphere (the most rapid consumption occurs beneath young seafloor near rise crests), with subsequent subduction of the lithosphere to the deeper mantle. Beneath continents a deep continental "root" may preclude the existence of any asthenosphere layer. In this scenario the asthenosphere plays a different role in modulating mantle convection: it acts as a spatially discontinuous weak zone between plate motions and deeper mantle flow (which couple directly at subduction zones and possibly the deep mots to continental cratons), and it acts as a region of large lateral flow from hotspots [Morgan, 1971] (and possibly, partial return flow of asthenosphere from subduction zones [Phipps Morgan and Smith, 19921) toward ridges to supply the material needed for lithosphere accretion. After presenting observational evidence that this type of asthenosphere may actually exist in Earth, we will discuss several potential implications of this form of asthenosphere flow on volcanism, seafloor depth, and geoid anomalies, and on mantle convection.
Geochemical Evidence for Lateral Plume-Ridge
Flow
There is strong geological and geochemical evidence that there is a flow connection between off-axis hotspots and neighboring mid-ocean ridges. Volcanism and island building appear to be enhanced along a mid-ocean ridge at the places that are closest to a hotspot, this phenomena was described by [Morgan, 1978, We prefer the working hypothesis that most of the trace element and isotopic variation in hotspot or ocean island basalts (OIB) and MORB is due to the incorporation within basaltic magmas of different amounts of material created by prior differentiation processes (e.g. prior OIB and MORB melting, sediments, all somewhat modified by partial melting at a subduction zone during "recycling" into the lower mantle reservoir for upwelling plumes [White and Hofinann, 1982 sphere that reflects their common ridge thermal structure. If we examine conjugate ridge flanks for an accretion corridor which has experienced little off-axis or hotspot volcanism on either flank then these effects, too, will be relatively small. We also look for sites where both flanks are at the same latitude so that they have experienced similar sedimentation histories after they left the spreading center.
These stringent criteria restrict our initial analysis to a single corridor in the South Atlantic (Figure 5a ) which also has good magnetic basement age determinations [Shaw and Cande, 1990] and a relatively simple and well understood spreading history [Shaw and Cande, 1990] . We truncate this corridor at 100 Ma on each side before it reaches major sediment basins near the African or South American continental margins. (Note that the sediment correction is not critical here. Mean sediment thicknesses are less than 500 m, and the differences in sediment thickness between seafloor of similar age on conjugate flanks are less than 200 m throughout our initial study corridor [Niirnberg, 1988] .) The South American plate moves faster over the mantle than its conjugate African plate (-30 mm/yr versus 10 mm/yr [Morgan, 1981] (Figure 5 ), which implies a compensating negative (buoyant) mass anomaly centered at-200 km depth. This shallow depth of compensation is intriguing because it would not a priori be predicted by a model of dynamic surface deflections due to deep mantle mass anomalies (e.g. the subducting Nazca plate), but would be a consequence of asthenosphere flow if the asthenosphere is both less dense as well as less viscous than underlying mantle. The same asthenosphere pressure drop which will depress the South American seafloor behind the westward migrating South American continent can elevate the asthenosphere-mesosphere interface as a quasi-static effect which we call "dynamic isostasy" (Figure 5d ). The resulting compensation depth of-200 km could be the base of the asthenosphere where a buoyantly stable thermal stratification exists. A 200øC temperature change at this level between a plume-fed hot asthenosphere and cooler mesosphere would result in both a 1% reduction in density and a correlated viscosity reduction of several orders of magnitude as discussed earlier.
Global Geoid Evidence for Asthenosphere Flow
We see in Figure 5 that the geoid appears to be much more sensitive to asthenosphere flow than does the depth of the seafloor. This would suggest that the global oceanic geoid (Plate 1) should at least qualitatively match the predictions of the pattern of asthenosphere flow that we envision. We think it does. Analysis of an idealized (one-dimensional) asthenosphere flow problem implies that partial asthenosphere return flow from subduction zones towards ridges will lead to geoid highs (as well as shallower seafloor depths) associated with convergent plate margins [Phipps Morgan and Smith, 1992] . The size of the anomaly will scale (nonlinearly) with the age of the subducting lithosphere, greater ages implying an increased resistance to astheno. sphere flow [Phipps Morgan and Smith, 1992] . (Note that the asthenosphere layer beneath older, thicker, lithosphere will not only be thinner, but also will have a higher effective viscosity be. These patterns are all present in Plate 1. The Pacific, Indian, and Nazca subduction zones are all geoid highs. The westwardmoving South American continent has a geoid low in its wake, while the older passive margin off westward moving North America has an even larger geoid low. India, which has the fastest moving old passive margin, has the largest geoid low, while Australia, the youngest passive margin which has a continental "wake" (active seafloor spreading only started at -40 Ma, following -20 Ma of extremely slow opening [Cande and Mutter, 1982] , has the smallest geoid depression in the wake of the continent. The geoid also shows relative highs near concentrations of oceanic hotspots in the southwest Indian Ocean, the northern and eastern Atlantic Ocean, and the south-central Pacific, highs we suggest are associated with lateral flow from these hotspot provinces towards the nearest spreading center, and once at a ridge, down the regional along-ridge geoid gradient. In this scenario the preferred path for asthenosphere flow will be the path of least resistance for asthenosphere flow from hotspots to regions of plate accretion. This is likely to take the form of direct flow to the nearest ridge axis, and then lateral flow along axis. This will tend to occur because (1) ridges are the site of the shallowest, weakest, asthenosphere, and (2) Figure lb) . For present-day plates which move rapidly over the lower mantle (Indian, Pacific, Nazca, Cocos), the major driving and resisting forces would be associated with slab buoyancy and resistance to slab penetration since the continental eraton area is small with respect to the area of the subducted slab section of the plate that lies between -300-700 km depth (a minimum estimate for the depth interval where the subducting slab would interact with high viscosity mantle which opposes slab penetration). However, asthenosphere drag still may be an important contributor (25-50%) to the forces resisting plate motion over the mesosphere. In this case the thickness of the asthenosphere layer could play an important role in modulating the "speed limit" for an oceanic plate. The resistance to differential plate versus mesosphere motion across a narrow asthenosphere channel will depend linearly on viscosity but to the inverse third power of the channel thickness. Hence small changes in channel thickness can dramatically change the shear stress generated by asthenosphere shear. The balance between the rate of plume supply of new asthenosphere and lithosphere growth that consumes asthenosphere could lead to a quasi-steady plate speed. For example, faster plate speeds would subduct more lithosphere which would consume more asthenosphere. In time a greater rate of asthenosphere consumption than the rate of supply of new asthenosphere by hotspot upwelling would lead to a thinner asthenosphere with a correspondingly greater drag to plate motion. The plate would slow until plume supply and plate removal were in balance.
A major increase in the absolute speed of the Indo-Australian plate occurred at the same time as a major episode of basaltic flood volcanism [Larson, 1991] . Both may be associated with the arrival of a plume "head" which leads to a rapid change in asthenosphere thickness (as well as flood basalts [Morgan, 1981] ) and hence a rapid drop in asthenosphere resistance to plate motion. This mechanism also predicts that changes in a plate's velocity should be correlated with the emergence (or submergence) of the passive continental margins which are part of that plate. The asthenosphere thickening which leads to faster plate motions could lead to a smaller dynamic seafloor depression behind the migrating continent. 
Implications for Global Heat Flow
A long standing apparent paradox in global heat flow is the fact that the mean continental and oceanic heat flow are quite similar in spite of a much greater concentration of heat-producing radioisotopes in continental crust. If corrected for radioactive crustal heat production, mantle heat flows into the base of continental crust at roughly half the rate it flows into the base of oceanic crust [Sclater et al., 1981] . This is readily explained if the source temperature beneath continents is lower (mesosphere temperature -10-20% lower than asthenosphere temperature) and the conductive lid is thicker (perhaps twice as thick because of a compositionally lighter continental lithosphere density [Jordan, 1981] ) than for old oceanic lithosphere.
Implications for Off-Ridge Volcanism
Patterns of off-axis volcanism may be related to ridgeward asthenosphere flow from off-axis plume sources. In general, mantle melting is thought to be a "passive" pressure release process.
Thus relatively deep (sublithosphere) melting could occur at offaxis plumes while predominantly shallower melting would occur as asthenosphere melts under a mid-ocean ridge where the axial lithosphere thickness is extremely shallow. As asthenosphere moves from plume source to near-ridge sink it will move under progressively thinner and younger lithosphere. This would impart a (small) vertical component to asthenosphere motions which should result in small amounts of asthenosphere melting and offaxis volcanism. In contrast, where asthenosphere flows in the •rection of plate motions, the asthenosphere-lithosphere boundary will progressively deepen, which should lead to no pressure release melting. This mechanism would predict a strong correlation between the abundance of off-axis seamount production and t.he geometry of plume sources and ridge sinks. In particular it would predict more volcanism on the side of a ridge which is closest to a nearby hotspot; a prediction which can be tested with current high-resolution Geosat altimetry coverage south of 30øS -and forthcoming global ERS 1 high-resolution altimetry cover~ age.
Implications for Upper Mantle Seismic Anisotropy
Seismic anisotropy is likely to be strongest within the asthenosphere where large horizontal shear accompanies asthenosphere flow and within the oceanic lithosphere which forms from the cooling and accretion of underlying asthenosphere. Anisotropy may be most pronounced near diverging plume sources; regions near subduction zones where asthenosphere return flow occurs [Phipps Morgan and Smith, 1992] , and beneath mid-ocean ridges; all are likely to be the regions of greatest horizontal or vertical asthenosphere shear.
We think that it is time to critically re-examine the dynamic implications of a weak asthenosphere layer on mantle flow, considering, in particular, the effects of a strong difference in lateral strength between continental mots and an asthenosphere layer beneath the oceanic lithosphere. We suggest that this asthenosphere layer, fed by plumes and consumed by lithosphere accretion and plate subruction, may offer a simple explanation for the existence of "passive" ridges and the "small" contribution to global heat flow of hotspot volcanism. The pattern of suboceanic asthenosphere flow may be able to be mapped through its dynantic and thermal effects on second order variations of ocean depth with age that are not explained by lithosphere cooling and growth [Phipps Morgan and Smith, 1992] . This hypothesis offers straightforward explanations for many of the current "paradoxes" that are emerging as we learn more about the oceanic seafloor; for example, the origin for asymmetric seafloor subsidence about a spreading center, or for long wavelength variations in the height of the ridge that are not exphined by simple plate cooling models. It is also qualitatively consistent with the shape of the geoid, and with emerging seismic measurements of the structure of the oceanic upper mantle. The primary tests for this paradigm will come from several areas of geophysical study. Better seismic pictures of the seismic velocity and anisotropy structure of the oceanic upper mantle, more knowledge of the patterns of seafloor depth anomalies and seafloor volcanism (and geochemical relationships between volcanism at hotspots, ridges, and intervening seafloor), and a better understanding of the effects of shallow lateral viscosity variation on global mantle flow should, in concert, allow workers to more fully test this paradigm in the upcoming decade. We hope that this paper serves as a helpful stimulus to re-examine the roots of currently preferred paradigms for mantle flow.
